Although old people make up an extremely vulnerable road-user group, older pedestrians' difficulties have been studied less extensively than those of older drivers, and more knowledge of this issue is still required. The present paper reviews current knowledge of older-adult problems with the main components of pedestrian activity, i.e., walking and obstacle negotiation, wayfinding, and road crossing. Compared to younger ones, old pedestrians exhibit declining walking skills, with a walking speed decrease, less stable balance, less efficient wayfinding strategies, and a greater number of unsafe road crossing behaviors. These difficulties are linked to age-related changes in sensorial, cognitive, physical, and self-perception abilities. It is now known that visual impairment, physical frailty, and attention deficits have a major negative impact on older pedestrians' safety and mobility, whereas the roles of self-evaluation and self-regulation are still poorly understood. All these elements must be taken into consideration, not only in developing effective safety interventions targeting older pedestrians, but also in designing roads and cars. Recent initiatives are presented here and some recommendations are proposed.
Introduction
A common desire among older adults is to stay where they are as they age, while remaining mobile in their familiar environment (Lord and Luxembourg, 2006) . The ability to stay connected to community services and to maintain social interactions is considered today to be crucial to well-being and successful aging (for a review, see Yen and Anderson, 2012) . Beyond the need for mobility, walking is known to be the most common physical activity of older adults (McPhillips et al., 1989) and to have positive effects on health, cognition, and well-being (see e.g., Fox et al., 2007 ; for a review, see Kramer and Erickson, 2007) . However, walking may be dangerous because it exposes the walker to accident risks and falling.
Within the last few decades, research has mostly focused on the safety of older drivers. The study of older pedestrians is more recent and more limited, even though a large portion of pedestrian accidents involve an older adult. For example, in Italy, Greece and France, more than half of all pedestrians killed on the road are over 65 years of age, whereas this age group represents a much smaller part (17-20%) of the population (ONISR, 2006; SafetyNet, 2009) . The same pattern of over-implication of older adults in pedestrian casualties and injuries has also been observed in non-European countries such as New Zealand (Keall, 1995) .
Being hit while crossing a street is not the only safety risk encountered by pedestrians: the risk of falls also increases dramatically with aging. About one third of adults age 65 or older have experienced a fall within the past year (for a review, see Lord et al., 2001 ). More than half of all falls in independent older community-dwelling people occur outside the home (Fothergill et al., 1995; Lord et al., 2001) . Although the data are scarce, a study conducted on the US population reported that 77.5% of pedestrian's nonfatal injuries were linked to a fall; accidents while crossing the street (15%) and overexertion (5.8%) were the other main causes (Naumann et al., 2011 ; see also Abou-Raya and ElMeguid, 2009) .
The aim of the present paper was to comprehensively portray older pedestrians' safety difficulties in carrying out three main tasks involved in travel on foot, i.e. walking and obstacle negotiation, navigation, and street crossing. To provide a more general understanding of these difficulties, we also report the underlying functional changes that occur with aging (sensorial, cognitive, and physical) and their consequences on pedestrian safety and mobility. Identifying risky situations and their main causes is a preliminary step toward developing efficient actions aiming at improving the safety and mobility of older pedestri-ans. Some of these programs are presented at the end of the paper.
Walking and obstacle negotiation
Directly linked to the risk of falling, walking and obstacle negotiation are two major components of pedestrian mobility that change during aging.
Walking and gait characteristics
A decrease in walking speed during aging is a typical observation, and older women are generally reported to walk more slowly than older men (see e.g., Asher et al., 2012; Knoblauch et al., 1996; Romero-Ortuno, 2010; Romero-Ortuno et al., 2010) . Similarly, the acceleration capacity also reduces with aging (Buckley et al., 2009) . When required to change from walking at one's preferred speed to walking quickly, the elderly fail to achieve the same increases in speed and stride length as those achieved by young adults (Shkuratova et al., 2004) .
Several parameters other than walking speed also change with advancing age, where we find shorter stride lengths, greater standing widths and more time spent on the double support phase (i.e., both feet on the ground), a bent posture, and a less vigorous force development at push off time (Salzman, 2010; Winter et al., 1990) . These changes are commonly noted as early as age 65, but become more marked and limit mobility to a greater extent after the age of 85. Cautious walking and standing behaviors may reflect adaptation to age-related changes affecting the sensory, motor, and cognitive systems (for reviews, see e.g., Al-Yahya et al., 2011; Salzman, 2010) , and may also mainly express fear of falling (see e.g. Espy et al., 2010) . Although such gait disturbances are frequent in older persons and are often an early manifestation of a subclinical disease, about 20% of older adults are found to retain normal gait patterns into very old age (i.e., over 85; see the review by Salzman, 2010) .
Among the various phases involved in walking, gait initiation and cessation are the most risky periods due to the complex postural adjustments they require (Uemura et al., 2012) . Both walking initiation and cessation slow down with aging (e.g., Cao et al., 1998; Halliday et al., 1998; Winter et al., 1990) . This slowing seems to be partly explained by the more cautious strategy of older adults, who need to be careful of their gait (Muir et al., 2014; Tirosh and Sparrow, 2004) . It seems that older adults prefer stability over speed (Buckley et al., 2009 ) and placing priority on this sensorimotor performance may even be detrimental to other kinds of performance (see e.g., Shumway-Cook et al., 1997) . With aging, gait cannot be conceived of as the outcome of a series of identical, automatic steps. Instead, gait performance becomes a complex task that places demands on the sensory and cognitive systems (Sheridan and Hausdorff, 2007) . Given their fear of falling (e.g., Scheffer et al., 2008) and their need to keep their balance when walking (Woollacott and Tang, 1997) , older pedestrians seem to allocate more attention to watching their steps as they cross, causing them to at least partly disregard approaching traffic (Avineri et al., 2012) . The presence of curbs at the beginning and end of a street-crossing task may add supplementary cognitive and motor demands that very few studies have examined in a detailed manner (see e.g., Naveteur et al., 2013) .
The use of canes or a walker is an effective adaptive means of reducing the risk of falling (for a review, see Alexander, 1996) . Logically, older pedestrians using canes or walkers walk more slowly than older pedestrians who are not using such devices, and again, in the case of the use of canes, older women appear to walk more slowly than older men (Thompson and Medley, 1995) , although this gender effect is not always observed (Arango and Montufar, 2008) .
Obstacle negotiation
Walking is also challenged by the presence of obstacles such as uneven surfaces (e.g., cobblestone, stones, cracks), but also obstacles to be avoided (e.g., other pedestrians, benches) or to step over. Tripping over an obstacle is actually one of the most common causes of falls among older adults (Blake et al., 1988; Campbell et al., 1989) . Avoiding an obstacle is risky too: having to change one's direction while walking is associated with more gait variability and a risk of falling among older people (Meinhart-Shibata et al., 2005) .
Several adaptive strategies are used by older pedestrians who are confronted with obstacles. Older adults tend to adopt a slower, more conservative obstacle-negotiation strategy that gives them more time to adjust their foot trajectory (for a review, see Galna et al., 2009 ). In the presence of uneven surfaces, for example, they have been shown to decrease their walking speed and their step length more than younger adults do (Marigold and Patla, 2008) . Moreover, older adults have been found to spend more time looking at the ground during obstacle avoidance, whereas younger adults spend more time gazing straight ahead (Paquette and Vallis, 2010) . Finally, the maintenance of a large personal space between themselves and other pedestrians is another strategy used by older adults to reduce the risk of bumping into someone and falling (Gérin-Lajoie et al., 2006) .
One of the main obstacle-negotiation situations encountered by city-dwelling pedestrians is handling sidewalks. Despite efforts from local authorities to provide lowered sidewalks at pedestrian crossings, moving from a sidewalk into the street is frequently associated with gutters and level or surface changes that challenge older pedestrians. While specific studies on sidewalk negotiation during street crossing by older pedestrians are scarce, some insights have been provided by studies about climbing stairs and stepping over obstacles with aging. Indeed, going up and down stairs is rated by older adults to be among the most difficult tasks in their daily life (Williamson and Fried, 1996) . Falls are three times more frequent during descent than ascent (Svanström, 1974; Tinetti et al., 1988) , which seems often to be explained by a decline in the ability to regulate body sway during the stair-to-floor transition when descending (Lee and Chou, 2007) . In response to these changes, older adults adopt cautionary behaviors in stair cases, such as lowering their speed, watching their feet while walking, and using the handrails (Hamel and Cavanagh, 2004) .
Wayfinding
Wayfinding is another important pedestrian activity. It can be divided into preparing for the journey (i.e., planning) and navigating while walking (i.e., moving and orientation).
Planning the journey
Efficient navigation requires making decisions about how to reach a given destination while satisfying various constraints such as avoiding having to walk overly long distances or avoiding barriers (Salthouse and Siedlecki, 2007) . This ability is typically tested with laboratory tasks such as the multiple errand test (Shallice and Burgess, 1991) or the zoo map task (Wilson et al., 1996) , which require using a map provided to carry out certain activities (e.g., shopping, visiting people). Older adults are generally found to be less efficient than young ones at determining the complex course of actions needed to reach the predefined goal; they make more mistakes and take more time to prepare the journey (Allain et al., 2005; Sander and Schmitter-Edgecombe, 2012) . These findings are problematic, because before navigating to an unfamiliar place, older pedestrians often plan their journey on a map in order to reduce the risk of getting lost and the anxiety that ensues (Phillips et al., 2013) . Age-related planning deficits are not as great, however, for more common tasks (e.g., Garden et al., 2001; Phillips et al., 2006) , which are more similar to daily life situations in a familiar environment. This suggests that life-span experience in wayfinding at least partly compensates for some of the age-related cognitive declines that affect planning (Kliegel et al., 2007) .
In planning their journeys, older adults are not always influenced by the desire to reduce the distance traveled on foot. The shortest way is not necessarily the chosen one, since several factors linked to physical accessibility and comfort may affect route choice in familiar environments. For example, older pedestrians have been shown to be more likely walk along streets with wide, comfortable sidewalks and no hills or stairs, and along streets with pedestrian devices such as zebra crossings or traffic-free zones (e.g., Borst et al., 2008; Mollenkopf et al., 1997; Ståhl et al., 2008) . Moreover, older adults report a preference for roads with little car and pedestrian traffic because they are often afraid of being pushed (HugueninRichard, 2012) . These safe choices are sometimes compromised, however, by illnesses that limit a pedestrian's walking distance and justify closer choices that are often not as safe (Bernhoft and Carstensen, 2008; Huguenin-Richard, 2012) . Another point is the need for resting time, which increases the necessity of outdoor benches and seats with weather protection (Carlsson, 2004) .
Navigating and orientating
The second key component of wayfinding is keeping track of one's direction and location while moving around in the environment. Globally, the ability to navigate and orientate oneself decline with aging (for reviews, see Klencklen et al., 2012; Moffat, 2009 ). This lesser efficiency, which leads to more errors and longer execution times, is observed not only in situations where a predefined plan exists (Sanders and Schmitter-Edgecombe, 2012 ; but see Allain et al., 2005) , but also in the absence of a predefined plan, e.g., in real-life or in unknown virtual environments such as a medical center or a supermarket (e.g., Head and Isom, 2010; Kirasic, 1991; Wilkniss et al., 1997; Zakzanis et al., 2009 ).
This age-related decline has been explained in terms of difficulties selecting and learning the features needed to keep on course, and problems learning the temporospatial order of relevant landmarks (e.g., Wilkniss et al., 1997) . The presence of prominent landmarks (e.g., post office, traffic lights) is helpful for older pedestrians navigating in both familiar and unfamiliar environments. In contrast, in a new environment, the use of a printed map providing an aerial view of the neighborhood seems to be less helpful for older adults than for younger ones (e.g., Goodman et al., 2005; Sjölinder et al., 2005) . Recently, however, the opposite result was obtained by Yamamoto and DeGirolama (2012) , who showed that some older adults are able to maintain their map-reading skills relatively well in unknown environments.
Many studies have also taken an interest in navigation strategies. A major distinction in these studies is the opposition between egocentric navigation (i.e., reference to spatial landmarks and one's current location and direction) and allocentric navigation (i.e., use of a mental map). Studies suggest the preferential use of egocentric rather than allocentric strategies among the elderly, probably due to spatial memory deficits and executive declines (for a review, see e.g., Taillade et al., 2014) . The age-related impairment in the allocentric strategy, and also the ability to switch from egocentric route-following to allocentric wayfinding strategies seems to explain why older adults were outperformed by younger ones when trying to find novel shortcuts to attain a previously learned goal location in a realistic but virtual town environment (Harris and Wolbers, 2014) . Navigation in familiar environments appears to be less impaired with age than navigation in novel environments (Rosenbaum et al., 2012) . Although the impact of familiarity on pedestrian navigation has not been studied much, some findings on older drivers suggest that they avoid unfamiliar routes (Bryden et al., 2013; Burns, 1999) . Wayfinding tools offering "step-by-step" instructions and landmarks to follow could be an effective means of helping older people navigate in unfamiliar environments (e.g., Fickas et al., 2008; Goodman et al., 2005; May et al., 2003) . These tools could at least partly compensate for age-related cognitive declines by reducing the cognitive load of navigation tasks. However, when asked about which kind of wayfinding strategies they used, 55.1% of older drivers reported pulling over to check the map, but only 9.9% reported regularly using a navigation system (Bryden et al., 2013) . This reluctance to use navigation aids could be linked either to a lack of confidence in new technologies (e.g., Barnard et al., 2013) or to overloaded cognitive resources (e.g., divided attention) when using them to drive.
Street crossing
Crossing a street is a complex task that requires several actions (Bailey et al., 1992) . First, pedestrians have to select an adequate crossing place, approach the curb, and look for oncoming vehicles and/or traffic lights. If there is no traffic light, pedestrians then have to select an adequate moment to cross by judging the available gaps in the flow of traffic. From there, they have to adapt their start-up time and crossing time to the amount of time available for crossing, by calibrating their walking speed to the visual feedback coming from approaching traffic.
Selecting a place to cross
Awareness of one's vulnerability with advancing age may explain why older pedestrians, as compared to younger ones, prefer to use pedestrian crosswalks and intersections with signals (Bernhoft and Carstensen, 2008) . It should be noted that the risk of collision on crosswalks without signals is linked to incautious behavior on the part of pedestrians but also to the failure of drivers to stop at pedestrian crossings (Harruff et al., 1998; Koepsell et al., 2002) .
Choosing a safe place to cross is particularly challenging for older pedestrians because they often suffer from physical impairments that reduce their ability to get to a pedestrian crossing that is too far away. Consequently, they sometimes even decide to "jaywalk", i.e., cross where there is no crosswalk. Despite their preference for crosswalks, the majority of older pedestrians report regularly crossing the street at their current position, especially when visibility is good or traffic is sparse (Bernhoft and Carstensen, 2008) . This behavior is risky because complex road environments and infrastructures impose a high cognitive load as well as substantial physical demands on older pedestrians. This explains why the risk of accidents is higher, for example, in two-way traffic than in one-way traffic situations (Fontaine and Gourlet, 1997; Oxley et al., 1997) . Older pedestrians' difficulty crossing wide streets or busy intersections may be caused by problems rapidly scanning traffic coming from various directions at the same time (Bernhoft and Carstensen, 2008) .
Exploration of the visual environment
Accurate looking behavior to check for ongoing traffic is necessary for crossing streets safely. In the presence of a traffic light, the looking behavior of older and younger adults is quite similar (for a review, see Dunbar et al., 2004) . In contrast, in the absence of a traffic light, the ability to assess crossing opportunities while approaching the street appears to decline with age. The decisionmaking process appears to be slowed, as suggested, for example, by the fact that older pedestrians pause on the sidewalk for a longer time before crossing (Oxley et al., 1997) . This age effect is especially observed for crossing two-way streets, but not for one-way traffic situations (Oxley et al., 1997) .
While older pedestrians seem to spend more time at the curb, the total number of head movements while waiting to cross appears to be similar in young and older pedestrians. This was observed in a field study by Oxley et al. (1995) and in a simulated streetcrossing task by Dommes et al. (2014) . More specifically, older women were shown to look both ways less often than younger adults and older men did, although this gender effect seems to decrease with driving experience (Holland and Hill, 2010) . A difference between older women with and without driver's license could be due to driving-related knowledge: driving experience may have an impact on a number of crossing skills such as visual searching (Underwood et al., 2002) and judging vehicle arrival times (Carthy et al., 1995) . But a cohort effect resulting from socio-economic and educational differences could also explain this gender effect, insofar as the oldest women recruited in recent studies generally never learned how to drive, and driving was most often reserved for men in these generations. This generation effect is tending to disappear today because young and middle-aged women now drive as much as men. In any case, these overall findings suggest that older pedestrians have trouble processing a large amount of information at the same time and need more time to decide on the right moment to cross. Consequently, the similar number of head movements by young and older adults does not guarantee that the quality of the information taken in when exploring the visual scene is spared in older pedestrians. The study of the number of head movements may therefore not be sufficient to assess the efficiency of looking behaviors. Direction of gaze, the number and type of objects checked in the visual scene, looking time, and the speed of head movements may be more informative for assessing scanning behavior with aging.
Choosing a time gap for crossing
Choosing a safe time gap for crossing involves determining whether the time available between two vehicles exceeds the time needed to cross. This comparison requires assessing both the arrival time of the approaching vehicles and one's own crossing time (see also Section 5.4).
Two studies comparing the street-crossing decisions of different age groups revealed that older adults (70-80 years old) chose a larger median time gap than younger ones did (20-30 and 60-70 years old) for crossing a simulated one-way street Cavallo, 2007, 2009 ). This finding suggests that older pedestrians attempt to compensate for their slower walking speed. But several virtual-reality studies have also shown that older adults' decisions are biased by the approaching vehicle's speed and that the accepted time gap drops as speed increases, leading to smaller safety margins and more unsafe decisions when vehicle speed is high (Dommes and Cavallo, 2011; Cavallo, 2007, 2009; Oxley et al., 2005) . Older pedestrians seem to use simplified heuristics based on vehicle distance: for a given available time gap, older people more often decide to cross when vehicles are moving at high speeds than at low ones because the distance of the approaching cars is also greater. They overestimate the time available for crossing and thus are more likely to experience difficulties.
A detailed investigation of accident statistics also suggests that older pedestrians are more likely to get hit on the far side than on the near side of a two-way street (Fontaine and Gourlet, 1997; Oxley et al., 1997; Dommes et al., 2014; Dommes et al., 2015) . The greater risk on the far-side of the street seems to be partly explained by the slow walking speed of the elderly (Hoxie and Rubenstein, 1994) : the far lane may have been clear when the crossing was initiated but becomes busy before it is completed. An additional explanation is related to inadequate judgments of far-side traffic. A simulator study investigating visual exploration strategies suggested that older pedestrians make crossing decisions mainly on the basis of the gap available in the near lane, while neglecting the far lane . However, other studies have shown that pedestrians, and particularly the oldest ones, are more often involved in accidents in the early part of the crossings (Dunbar, 2012 (Dunbar, , 2005 Ward et al., 1994) . The relative riskiness of near-side accidents seems to follow a reverse J-shaped curve across the lifespan, falling in late childhood and continuing fall until it rises again after age 85 (Dunbar, 2012) . The risk of near-side accidents has also been shown to be high in pedestrians suffering from dementing diseases such as Alzheimer's disease (Gorrie et al., 2008) . This risk may be due to attentional failures affecting the ability to check and effectively detect potential hazards, even on the near side of a two-way street.
Start-up time and crossing time
Start-up time corresponds to the time between the decision to cross and the first step into the street. A slow start-up will delay the crossing and increase the risk of still being on the road when a vehicle arrives. In laboratory tasks, start-up time is rarely isolated from measures of crossing time or decision-making time (see e.g., Oxley et al., 2005) , or measures of initiation time (time between the moment when the pedestrian begins to cross and when the car opening the gap passes in front of him/her, see Cavallo, 2007, 2009; Holland and Hill, 2010) . In a series of field studies, Knoblauch et al. (1996) observed that the start-up times of pedestrians waiting for a green walk sign were slightly longer for older adults than for younger ones: the average time was 1.9 s for younger adults and 2.5 s for older ones. Similarly, observations of real-life crossing behaviors (Oxley et al., 1997) as well as results from indoor experiments (Holland and Hill, 2010) have also revealed that older pedestrians take about 1 s longer than younger adults do. This increase may be due to the slowing of motor speed and reaction time with aging (Oxley et al., 1997) , but also to the agerelated increase in decision-making time in adults age 75 years or over (Oxley et al., 2005) .
Calibration of walking speed to traffic perception
After starting to cross the street, pedestrians can still make some adjustments (i.e., increasing or decreasing their walking speed) based on visual feedback provided by approaching vehicles. Walking-speed adaptation is probably an important factor that helps avoid collisions during street crossing. To maintain a satisfactory safety margin, young pedestrians have been shown to increase their walking speed during simulator experiments when ever the time gap between vehicles decreases, whereas this adjustment is not observed in older pedestrians Lobjois and Cavallo, 2009 ). Lobjois and Cavallo (2009) suggested that the crossing decisions of younger adults are much more finely tuned to time gaps because they use visual feedback while crossing. Older adults may have trouble calibrating perception and action. Dommes et al. (2014) also observed few chances for compensation by walking faster. Beyond the well-known motor declines with aging (see e.g., Shkuratova et al., 2004) , the absence of compensation for decision-making errors by walking quickly could also be linked to old people's need to visually control their gait and balance; this prevents them from watching approaching traffic while walking. Several studies have clearly shown that old people need to watch their feet to avoid a fall while walking (see e.g., Avineri et al., 2012) . This sensorimotor-performance priority (see e.g., ShumwayCook et al., 1997 ) is likely to be detrimental to the visual monitoring of approaching vehicles (see Section 2.1).
Functional changes affecting older pedestrians' safety
Many components of pedestrian activity are affected by the normal aging process and may therefore have a negative impact on older pedestrians' safety and mobility. These overall functional changes pertain to sensory, cognitive, and physical abilities, as well as self-perception.
Impact of sensory changes
Because walking, navigating and street crossing are highly visual (for a review, see Shinar and Schieber, 1991) , the visual declines associated with the normal aging process and age-related diseases like cataract, glaucoma, and macular degeneration, may be important factors in explaining the greater mobility difficulties of older pedestrians, such as their increased likelihood of making unsafe crossing decisions. Whereas the effect of vision loss on safety has been investigated much more often in older drivers than in older pedestrians, some data are available. The risk of falling increases with declines in visual acuity (for a review, see Harwood, 2001; Ivers et al., 1998) , adaptation to the dark (McMurdo and Gaskell, 1991) , the binocular visual field (Coleman et al., 2007; Freeman et al., 2007) , and contrast sensitivity (Ivers et al., 1998; Lord et al., 1991) . Visual acuity loss has also been shown to cause problems in discriminating vehicles from the rest of the road environment (Oxley et al., 1995) , and declines in contrast sensitivity are thought to hinder the perception of fixed or moving objects such as sidewalks or oncoming vehicles (Oxley et al., 1995) . The decline of visual motion sensitivity in older adults (e.g., Sekuler et al., 1980; Snowden and Kavanagh, 2006) has been proposed to directly account for the use of distance-based heuristics and the ensuing increase in unsafe crossing decisions when vehicles moving at a high speed are approaching a pedestrian crossing the street on a full-scale simulator (Dommes et al., 2013; Dommes and Cavallo, 2011; Lobjois and Cavallo, 2007) : the slow angular velocity of the vehicles is difficult to perceive and is even sometimes below the perceptual threshold, causing vehicle speed information to be neglected.
Regarding pathological age-related changes, the risk of falling is greater in the presence of glaucoma (Haymes et al., 2007) , macular degeneration (Szabo et al., 2008) , and cataract (McCarty et al., 2002) . It is not completely clear yet whether cataract surgery reduces this increased risk of falling (for a review, see Desapriya et al., 2010) . Finally, glaucoma is associated with poorer selfreported mobility Friedman et al., 2007) .
Vision is not the only sensory modality that declines in older people. Hearing loss also increases with aging. Around 30-75% of adults age 75 or over present a hearing loss, according to the definition currently in effect (Salonen et al., 2011; Smith et al., 2008) . Although hearing impairment could have a significant impact on pedestrian safety, investigations are scarce compared to studies on vision. Hearing may help in the spatial localization of vehicles, so older people with hearing impairments may have trouble locating approaching vehicles coming from behind them or turning (for a review, see Dunbar et al., 2004) . In one study using questionnaires (Holland and Rabbitt, 1992) , older adults who felt their hearing had deteriorated over the past few years were shown to report avoiding walking along streets with no sidewalks. Hearing impairments, moreover, have been proven to be clearly associated with a larger risk of falling (Grue et al., 2009; Lopez et al., 2011) , poorer selfreported physical health (Lopez et al., 2011) , and poorer general mobility (Viljanen et al., 2009) . A diminished auditory capacity is also likely to have a negative impact on street-crossing safety: the absence of auditory information, as studied in a simulator experiment, has been shown to give rise to more risky street-crossing decisions in both young and old pedestrians (Rodrigues et al., 2012) .
In addition to the visual and auditory systems, the proprioceptive and vestibular systems are involved in standing upright and moving through space. Efficient postural regulation requires integrating high quality sensory information coming from somatosensory, visual, and vestibular afferences (Gauchard et al., 2001 ). The age-related decline of proprioceptive and vestibular afferences appears to account for the impaired sense of balance and the increased risk of falling found in older pedestrians (see e.g., Gauchard et al., 2001; Patel et al., 2010) . For example, older adults are hindered more than younger adults by vibrations of skeletal muscles or tendons (Patel et al., 2010) or by visual distortions while walking (Huitema et al., 2005) . More generally, an increase in the task demands imposed on the proprioceptive and vestibular systems (i.e., closed eyes, movement of the experimental room) is associated with more body sways among older than young adults (Prioli et al., 2006) .
Impact of cognitive changes
One of the most striking age-related declines is in processing speed, i.e., the rate at which the brain and nervous system can process sensory information (Salthouse, 1996) . This decrease in processing speed has been shown to be associated with a slow walking speed and a higher risk of falling (Holtzer et al., 2007; Owsley and McGwin, 2004; Rosano et al., 2012; Welmerink et al., 2010) . A slower processing speed may also partly explain poorer navigation performance with aging (Kliegel et al., 2007; Salthouse and Siedlecki, 2007) . Finally, because processing speed is necessary for making timely, correct decisions, it could also explain the longer start-up times of older pedestrians, as well as the link observed between the safeness of street-crossing decisions made in simulator experiments and scores on the UFOV ® test (Dommes and Cavallo, 2011; Dommes et al., 2013 Dommes et al., , 2015 . The UFOV ® test is a computer-based test of rapid visual-scene perception that measures the useful field of view (i.e., the area from which one can extract visual information at a brief glance without head or eye movements) and therefore involves processing speed and visual attention (Ball and Owsley, 1993) .
Another main cognitive change with aging is the decline of executive functions, i.e., the capacity for updating and monitoring information in working memory, inhibiting inconsistent or useless information, and shifting (Salthouse et al., 2003) . Inhibition declines have been shown to be associated with a greater number of falls (Anstey et al., 2009 ). This association can be explained by the role of inhibition on gait control and multitask coordination (for a review, see Liu et al., 2014) . More incorrect decisions have also been observed on a full-scale street-crossing simulator with inhibition declines (Dommes and Cavallo, 2011) . Likewise, the age-related decline of the ability to switch lines of reasoning and actions in order to perceive, process, and respond to situations in a flexible way (i.e., shifting skills) have been shown to be a significant predictor of street-crossing collisions (Dommes et al., 2013) : in a complex, two-way street environment, older pedestrians with poor shifting skills seem to have difficulty switching their attention between traffic approaching from two different directions, and selecting the most relevant information sources.
The impact of executive functions on road safety has often been investigated using the dual-task paradigm, which requires performing two tasks at the same time. In reality, instead of doing several tasks simultaneously, the individual has to quickly shift back and forth between the two tasks (Hawkes et al., 2012) . The concomitant accomplishment of a secondary task, such as a memory task or producing spontaneous speech, is generally associated with slower walking speed (Lindenberger et al., 2000; Plummer-D'Amato et al., 2011) , narrower safety margins when stepping over obstacles while walking (Harley et al., 2009) , an increased risk of falling (Faulkner et al., 2007; Lundin-Olsson et al., 1997) , and streetcrossing impairments such as a greater risk of being hit and longer crossing times (Nagamatsu et al., 2011; Neider et al., 2011) . These negative consequences on mobility and safety are greater in older than in young adults, and suggest that walking is no longer automatic with aging: it requires additional attentional resources (e.g., Laessoe et al., 2008; Sheridan and Hausdorff, 2007) and the involvement of executive functions (for reviews, see Al-Yahya et al., 2011; Beurskens and Bock, 2012) . Older adults have been shown to place priority on motor control during dual-task walking, so as to avoid falling but at the expense of walking speed (Hollman et al., 2007) or talking (for a review, see Beurskens and Bock, 2012; Sparrow et al., 2002) . In this line, the greater declines of executive functions in mild cognitive impairment and Alzheimer's disease (da Costa et al., 2013) may be why these medical conditions are strongly associated with a higher risk of falling (Delbaere et al., 2012; Sheridan and Hausdorff, 2007) , a higher risk of being injured during street crossing (Gorrie et al., 2008) and navigation difficulties in real-life or simulator studies (e.g., Kliegel et al., 2007; Salthouse and Siedlecki, 2007; Taillade et al., 2013) .
Last but not least, memory difficulties -one of the most important complaints of older people -have a major impact on spatial navigation (for a review, Klencklen et al., 2012) . In a study by Gras et al. (2012) , older adults were shown to be slower and less accurate than younger ones in real route learning. This poorer performance was in part explained by episodic-memory and working-memory declines. The decline in visuo-spatial working memory with aging could be linked to a reduced ability to inhibit irrelevant information that uses up some of the working-memory resources 1 needed to learn complex new routes (Mammarella et al., 2009 ). Difficulty learning new routes and disorientation are greater and more prevalent in patients suffering from mild cognitive impairment (Cushman et al., 2008; Hort et al., 2007) or Alzheimer's disease (Liu et al., 1991; Rainville et al., 2001; Zakzanis et al., 2009 ).
Impact of physical changes
Mobility and safety are also challenged by age-related physical changes affecting muscles, bones, and joints. Skeletal muscle mass and strength are highly affected by these changes, with a decrease during aging while the proportion of body fat increases (Spirduso et al., 2005; Fakhouri et al., 2012 ; for a review, see Visser, 2011) . The decline of muscle strength with age is associated with slower walking and standing up from a sitting position (Asher et al., 2012; Spirduso et al., 2005) , and an increase in the risk of falling (Landi et al., 2012; Pijnappels et al., 2008) . Obesity, often concurrent with the decline of skeletal muscle mass, is also associated with a higher risk of acquiring walking disabilities (Stenholm et al., 2007) and falling (Fjeldstad et al., 2008; Himes and Reynolds, 2012) . However, fat loss by caloric restriction during aging may lower muscular strength and bone mass by causing under-nutrition (see the review by Miller and Wolfe, 2008) . Consequently, an increase in physical activity should be preferred, accompanied by nutritional supervision (for a review, see Darmon, 2013) .
The low bone mineral density associated with osteoporosis increases with aging and represents an important fall-related risk of fracture, notably in older women (Harris, 2002; Lips and Van Schoor, 2005) . Another risk of osteoporosis is that it exacerbates the over-curvature of the thoracic vertebrae, a condition called kyphosis (Arnold et al., 2005) . Kyphosis increases during aging, and excessive kyphosis is associated with poor walking and stair-climbing performance, poor postural control during obstacle avoidance, and a higher risk of falling (Arnold et al., 2005; Katzman et al., 2011; Sinaki et al., 2005) . Kyphosis could also have a negative effect on visual exploration of the environment during street crossing because of the associated impairment of cervical mobility (Quek et al., 2013) . Similarly, osteoarthritis, a common inflammatory joint disorder in older people, is associated with difficulty walking and climbing stairs, as well as a higher risk of falling (Guccione et al., 1990; Hanlon et al., 2002; Hochberg et al., 1995) .
Impact of self-perception and self-regulation
An age-related awareness of one's reduced functional abilities and frailty in the street is an important element of self-regulation that may help older people adjust their behavior accordingly. More specifically, people aware of their limitations can use selfregulation to deal with the environmental demands. Conversely, individuals who lack awareness of their failing abilities and limitations are shown to be more at risk of engaging in behaviors that compromise their safety (Marottoli and Richardson, 1998) .
The self-perception of age-related walking-speed reductions may prompt self-regulatory behaviors. It may also explain why older pedestrians prefer to use signalized pedestrian crossings more than do young pedestrians (Bernhoft and Carstensen, 2008) . However, older adults often underestimate the time they need to cross the street: their actual crossing times are significantly longer than the crossing times they estimate before or after crossing (Naveteur et al., 2013; Zivotofsky et al., 2012) . This kind of underestimation occurs especially for younger older adults (60-74 years old) whereas older adults (75 years old or more) tend to overestimate their crossing time (Holland and Hill, 2010) .
Awareness of one's declining eyesight is also useful for developing self-regulation behaviors. Using a questionnaire, Holland and Rabbitt (1992) showed that older pedestrians who felt that their eyesight had deteriorated over the past 10 years avoided crossing the street at night. Older pedestrians who perceived difficulties seeing in the dark or at dusk reported avoiding crossing the street outside a pedestrian crosswalk and walking along a street with no sidewalk. Older pedestrians who reported difficulties seeing in bright light or glare declared avoiding crossing the street under these conditions, and finally, older pedestrians who reported difficulty reading road signs tended to say they avoided crossing at complex intersections, crossing outside a pedestrian crosswalk, and crossing with the sun in their eyes. Impaired postural control is also known to provoke several kinds of self-regulation. With aging, as the risk of falling grows, the fear of falling increases too (for a review, see Legters, 2002) . Overall, older people with fear of falling avoid situations known to be difficult to handle or with a high risk of falling (for a review, see Zijlstra et al., 2007) . For example, compared to older pedestrians who are less afraid of falling, ones who are more afraid have been shown to look more at the pavement and their footsteps, and therefore pay less attention to crossing in traffic (Avineri et al., 2012) . Older pedestrians are especially looking for sidewalks along their route and smooth surfaces for walking (Bernhoft and Carstensen, 2008) . As a consequence, and somewhat counterintuitively, older pedestrians often express concerns about falling or feeling unstable on tactile paving close to footpaths or stairs to assist blind and visionimpaired pedestrians (I'DGO, 2010) and some of them prefer to walk around it. Paved streets and sidewalks, which are frequent in European cities, are probably associated with the same concerns and reluctance. Another topic of concern is pavements that are slippery due to rain, dry leaves or snow. Older pedestrians have been shown to be worried about ice and/or snow on sidewalks (Wennberg et al., 2009) and walk more slowly when it is snowing (Knoblauch et al., 1996) .
It is not easy to determine how accurate these fears and selfperceptions are. Self-evaluation accuracy is important because inaccurate self-perceptions may have negative consequences on the mobility and safety of older people. According to Tinetti and Powell (1993) , 48% of older adults age 75 years or older who had fallen within the previous year reported fear of falling, but 27% of those who had not fallen did also. Previous falls thus seem to be linked to an increase in the fear of falling, but not strictly. Some studies have actually suggested that the gait-parameter changes observed with aging are better explained by the fear of falling or aging stereotypes than by aging itself (see Chamberlin et al., 2005) .
Recommendations for improving safety and mobility
The studies reviewed above have shed light on the main causes of older adult pedestrian's high rate of involvement in fatalities and injuries. Some of these factors are linked to the road user him/herself (i.e., declines in sensory, cognitive, and physical abilities, and incorrect estimation of one's own capabilities). Risk factors linked to the road environment play an important role too (e.g., complexity of road infrastructures, vehicle speed). However, despite this accumulated knowledge, little empirical evidence has been published about how to help older pedestrians more particularly.
Training programs for older pedestrians
One of the most direct ways of enhancing older pedestrians' safety is to try to modify their behaviors and strategies through training. However, systematic evaluations or even attempts to examine training efficiency are still scarce and require further investigation.
Physical declines are targeted by training programs aimed at improving balance, flexibility, velocity, and cardiovascular function. Such gains, with long-term effects, have been observed after training via heavyweight muscle exercises, stretching, Tai-chi movements, and/or walking programs (Cristopoliski et al., 2009; Gatts and Woollacott, 2006; Giné-Garriga et al., 2010 ; for a review, see Granacher et al., 2008; Malatesta et al., 2010) . The reported benefits of physical training programs on gait and balance could improve the safety and mobility of older pedestrians, particularly by decreasing both the risk and the fear of falling outside of the home, and maybe by increasing walking speed for crossing the street. In the present state of our knowledge, physical exercise appears to be one of the most efficient approaches for older pedestrians. Recent papers have shown in particular that engagement in physically simulated sport games enhances the cognitive and physical abilities directly involved in the daily living activities of older adults (Maillot et al., 2012) . The beneficial effects of physical exercise on cognitive performance in older adults have been clearly established (see e.g. the meta-analytic reviews by Colcombe and Kramer, 2003, and Angeraven et al., 2008) . In contrast, supporting evidence of the impact of cognitive training for older pedestrians is still scarce, although some training programs targeting older drivers have indicated some benefits (e.g., Roenker et al., 2003) . However, a recent study using UFOV-training of older pedestrians, while significantly enhancing processing speed and the useful field of view, did not produce notable improvements in the acceptance of safe gaps .
Unlike physical and cognitive training programs which are aimed at improving the abilities and skills of older pedestrians, the objectives of educational and behavioral programs is to make pedestrians more aware of their possible limitations and of what safe behaviors they should adopt. Regarding fall prevention, educational programs are generally combined with some other kind of training (e.g. physical training), which seems to effectively enhance knowledge of the risk of falling (Schepens et al., 2011) . Until now, and despite several local and governmental initiatives (for a review, see Dunbar et al., 2004) , only one study has found evidence that educational training can improve the safety of older adults' streetcrossing decisions . Note that studies on older drivers have shown that educational programs improve knowledge, but the existence of safety benefits has not been proven (for a review, see Korner-Bitensky et al., 2009) . Consequently, more studies that evaluate the effectiveness of educational interventions are required for older pedestrians.
Another approach is to combine educational programs with behavioral training that directly addresses behavior and know-how through repeated practice in real or simulated environments. In recent years, studies aimed at training people through the use of simulators and virtual reality have emerged in the field of road safety. These tools have already proven powerful as training devices for preventing child pedestrian injury (e.g., McComas et al., 2002; Thomson et al., 2005) or for teaching basic driving skills to older adults (for a review, see Boot et al., 2014) . But for older pedestrians, behavioral training studies using virtual reality are still rare. Two recent simulator studies combining repeated street crossings, explicit feedback, and discussions obtained positive effects on the safety of older pedestrians' crossing decisions . It has even been shown that behavioral training on a simulator alone can make for safer gap acceptance levels during street-crossing . In another recent training program, older adults were taught to judge vehicle speed more accurately and were found to improve gap-acceptance accuracy in real-world conditions (Hunt et al., 2011) . However, that experiment had no follow-up phase or control group and did not include an actual crossing. Future longitudinal studies should go beyond these methodological limitations in order to determine whether this kind of method can successfully promote long-term improvements in older adults' street-crossing behaviors. This being said, aging may be associated with rigid strategies and habits that are difficult to change (Rosenbloom et al., 2015) , as highlighted by a study that failed to improve on-road hazard detection in older pedestrians.
Finally, interventions should also be geared to other road users, not just older adults. The safety of pedestrians requires safe behaviors from all road-user groups. More respectful behaviors, especially toward older people and disabled individuals, could be increased by media campaigns and local or national government actions (Boyce and Geller, 2000; Van Houten et al., 1985) . Not stopping for pedestrians at crosswalks should be regarded as a serious offense punishable by severe fines, just like other road violations.
Ergonomic design of road environments and cars
There are a number of improvements in road environments that could decrease the risk of falls and collisions, and also promote the mobility of older pedestrians. Wide, flat, non-slippery sidewalks without obstacles reduce the risk of falling (Bernhoft and Carstensen, 2008; Liu, 2015) . Leaves and snow should be removed promptly from sidewalks and crosswalks. In addition, the investigation of alternative designs for pedestrian ramps is required to prevent the bottom of the ramps from pooling with rain or ice (Li et al., 2013) . Another important point for urban designers is to check for the presence of a sufficient number of resting places (i.e., seats, benches) as well as public restrooms (Carlsson, 2004) . The provision of shady resting places and water fountains is particularly important for hot summer days.
Regarding navigation and the fear of getting lost, signs giving directions and other indications should be included by urban planners and designers (Phillips et al., 2013) . These could include signs showing distances, the purpose of various places, and important landmarks. Navigation in new places by people with cognitive impairments could be greatly improved by the use of high-quality GPSs indicating significant landmarks and step-by-step orientating instructions. However, these technological tools must be carefully designed to avoid a sensory and/or cognitive overload for older users. For example, too many cognitively demanding devices have been shown to increase gait irregularities in older adults (see e.g. Schellenbach et al., 2010) . Consequently, GPSs need to be flexible and specifically designed for and tested on older adults, not only by assessing their navigational benefits but also by examining their possible negative impact on other areas of the older pedestrian activity such as balance and cognitive resources (Schellenbach et al., 2010) .
Safety and comfort during street crossing could also be improved by providing a sufficient number of well-designed and well-placed crosswalks (Koepsell et al., 2002) . In the case of crosswalks without traffic signals, the presence of car-free islands in the middle of two-way streets is recommended because it allows pedestrians to cross in two stages and thereby lightens the cognitive load ITF, 2012) . Crosswalks with traffic signals should be preferred, however. The presence of countdown displays giving the time left for crossing is an effective way of providing feedback to older pedestrians. Previous studies have shown that countdown displays increase the traffic-signal compliance of older pedestrians (Lipovac et al., 2013) . Overall, the time allowed by traffic lights for pedestrians to cross the street has been shown to be insufficient for most older people (Amosun et al., 2007; Asher et al., 2012; Hoxie and Rubenstein, 1994) . The need to hurry is frequent in older adults and is associated with anxiety, despite the presence of traffic lights (Amosun et al., 2007; Hoxie and Rubenstein, 1994) and this may provoke reluctance to cross. Traffic lights should therefore be designed to offer older adults enough time to cross safely and calmly.
Another efficient action is to use sidewalks that extend out to the edge of the parking lane. This reduces the distance to cross and consequently the time spent in the street (ITF, 2012) . Speed-reduction measures for cars, such as speed ramps or street narrowing, are also promising ways to decrease the risk of collision (Dommes and Cavallo, 2011 ) and the gravity of injuries when a pedestrian is hit (Rosén and Sander, 2009) .
Finally, improving on-board technologies and the design of cars (bumper, hood, windshield) are other means of improving the safety of older pedestrians (Jermakian, 2011 ; for a review, see Crandall et al., 2002) .
Conclusion
Walking is the cheapest, easiest, and most sustainable way to get around. Every trip begins and ends by walking, which is the common link in the multimodal travel chain. While walking is the most common transportation mode used by older people, it is also a particularly risky activity for this population. Although population aging and urbanization, and in particular the development of "global age-friendly cities" (WHO, 2007) , have been identified as two of the most important challenges of the present century, research and public policy within the past few decades have focused on older drivers, thereby neglecting older pedestrians and their travel requirements. More generally, there is still an important need in our developed societies to recognize the significance of mobility for older people, and to better understand not only the mobility changes that occur in later life, but also the ability of the elderly to stay mobile through normal and pathological aging.
To answer the aging challenge, along with issues linked to climate change, pollution, and health in general, public authorities should help older people's travel in a "multimodal", "sustainable", and "adapted" way, i.e., by ensuring the greater and safer use of walking and public transportation, and also the controlled use of individual cars.
In future research, it would be worthwhile to further investigate the impact of functional declines, and especially older people's awareness of their declining abilities and their positive and negative effects on safety and mobility. This knowledge will permit the implementation of efficient and suitable programs aimed at older pedestrians and road environments.
A lot remains to be accomplished in the area of effectively assessing the actions taken. An increasing number of local and governmental initiatives are being implemented to address older pedestrian safety (e.g., modification of infrastructures and equipment, educational training) but most of them have not been evaluated in a systematic way. As mentioned by Husband (2010) in a review regarding a similar problem for older drivers, the lack of evaluation may be due to time constraints or insufficient knowledge or resources. This situation highlights the need to tighten the link between researchers and local and governmental authorities so that interventions will be systematically and objectively evaluated, using a valid methodology. Cooperation between research and transportation-related public policy-makers is a necessary part of improving the ability of older adults to remain mobile and safe, which is essential to their well-being, autonomy, and social integration.
